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Abstract. We have conducted a near-infrared monitoring campaign at the UK InfraRed
Telescope, of the Local Group spiral galaxy M33. The main aim was to identify stars in the
very final stage of their evolution, and for which the luminosity is more directly related to
the birth mass than the more numerous less–evolved giant stars that continue to increase
in luminosity. In first instance, only the central square kiloparsec were monitored and anal-
ysed, with the UIST camera. Photometry was obtained for 18,398 stars; of these 812 stars
were found to be variable, most of which are asymptotic giant branch (AGB) stars. We con-
structed the birth mass function and hence derived the star formation history. These stars are
also important dust factories. We measure their dust production rates from a combination
of our data with Spitzer Space Telescope mid-IR photometry. The mass loss rates are seen
to increase with increasing strength of pulsation and with increasing bolometric luminos-
ity. We construct a 2D map of the mass return rate, showing a radial decline but also local
enhancements due to the concentration of red supergiants. We conclude that star formation
in the central region of M33 can only be sustained if gas is accreted from further out in
the disc or from circum–galactic regions. By using data of wide-field camera (WFCAM),
the campaign was expanded to cover two orders of magnitude larger area, comprising the
disc of M33 and its spiral arms. Photometry was obtained for 403,734 stars; of these 4643
stars were found to be variable. We here present the star formation history across the disc
of M 33.
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1. Introduction
Galactic evolution is driven at the end–points
of stellar evolution, where copious mass loss
returns chemically–enriched and sometimes
dusty matter back to the interstellar medium
(ISM); the stellar winds of evolved stars and
the violent deaths of the most massive stars
also inject energy and momentum into the
ISM, generating turbulence and galactic foun-
tains when superbubbles pop as they reach the
“surface” of the galactic disc. The evolved stars
are also excellent tracers, not just of the feed-
back processes, but also of the underlying pop-
ulations, that were formed from millions to bil-
lions of years prior to their appearance. The
evolved phases of evolution generally repre-
sent the most luminous, and often the coolest,
making evolved stars brilliant beacons at IR
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wavelengths. The final stages of stellar evo-
lution of stars with main-sequence masses up
to M ∼ 30 M⊙ – Asymptotic Giant Branch
(AGB) stars and red supergiants – are charac-
terised by strong radial pulsations of the cool
atmospheric layers, rendering them identifiable
as long-period variables (LPVs) in photomet-
ric monitoring campaigns spanning months to
years (e.g., Whitelock et al. 1991).
M 33 is the nearest spiral galaxy besides
the Andromeda galaxy, and seen under a more
favorable angle. This makes M 33 ideal to
study the structure and evolution of a spiral
galaxy. We will thus learn how our own galaxy
the Milky Way formed and evolved, which
is difficult to do directly due to our position
within its dusty disc.
Our methodology comprises three stages:
[1] find stars that vary in brightness with
large amplitude (about a magnitude) and long
period (months to years), and identify them by
their colours and luminosity as cool giant stars
at the endpoints of their evolution;
[2] use the fact that these stars no longer
evolve in brightness, to uniquely relate their
brightness to their birth mass, and use the birth
mass distribution to construct the star forma-
tion history (SFH);
[3] measure the excess infrared emission
from dust produced by these stars, to quantify
the amount of matter they return to the inter-
stellar medium in M 33.
2. Observations
For observations we used three of UKIRT’s im-
agers: UIST, UFTI and WFCAM. UIST and
UFTI cover the central part (∼ 1kpc2 ) while
WFCAM covers a much larger part of M 33
(15 kpc × 15 kpc). The combined, square–
degree mosaic of M 33 in the K–band is shown
in Fig. 1. The square–kpc central area is repre-
sented with a box.
The survey and identification of variable
stars are described in detail in Javadi et al.
(2011, paper I) and Javadi et al. (2015, pa-
per IV); 812 variable stars were identified in
the central square kiloparsec of M 33 by us-
ing multi–epoch UIST data and 4643 variable
stars were found across the galactic disc of M
Fig. 2. Colour–magnitude diagram of Ks ver-
sus (J − Ks), with WFCAM variable stars in
green. Overplotted are isochrones from Marigo
et al. (2008) for solar metallicity and a distance
modulus of µ = 24.9 mag.
33 by using multi–epoch data from WFCAM
(Fig. 2).
3. The Star Formation History in M 33
In paper II, we have developed a novel way
to derive the star formation history by us-
ing large–amplitude variable stars which are
identified in our IR monitoring programme.
We used the fact that these variables have
reached the very final stages of their evolu-
tion, and their brightness can thus be trans-
formed into their mass at birth by employing
theoretical evolutionary tracks or isochrones.
The LPVs are located at the cool end of each
of the isochrones and this is confirmed by in-
spection of isochrones. Therefore, we simply
could construct a link between the observed
K–band magnitude and theoretical models to
estimate the birth mass of LPVs. This is done
in paper II for four different metallicities from
super–solar metallicity suitable for massive el-
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Fig. 1. Combined WFCAM K–band mosaic of M 33. The square–kpc central area is represented with a
box.
liptical galaxies and stellar populations in the
bulge of massive spiral galaxies such as the
Milky Way to sub–solar values applicable the
Large and Small Magellanic Clouds (Rezaeikh
et al. 2014). As discussed in paper II, the cen-
tral region of M 33 has approximately solar
metallicity, so we could adopt Z=0.015. The
outer regions of M 33 have lower metallici-
ties than the center. Based on discussions in
paper IV, it seems Z=0.008 agrees well with
colour–magnitude diagrams (CMDs), so we
adopt Z=0.008 for the disc and spiral arms of
M 33. The star formation history is estimated
by:
ξ(t) = dn
′(t)
δt
∫ max
min fIMF(m)m dm∫ m(t+dt)
m(t) fIMF(m) dm
. (1)
Where n′ is the number of variables that we
have identified, fIMF is the initial mass func-
tion describing the relative contribution to star
formation by stars of different mass and δt is
the duration of variability which these stars dis-
play strong radial pulsation.
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Fig. 3. The star formation history in the cen-
tral square kpc of M 33 derived from pul-
sating AGB stars and red–supergiants;(black)
WFCAM data is used, (red) UIST data is used.
(dashed line) Correction factor has been ap-
plied to star formation rates.
The SFH of the central square kpc of M 33
using WFCAM data is shown in Fig. 3, over-
layed with red points by the SFH which was
derived by using UIST data. Two main epochs
of star formation are obvious; a major epoch of
formation ≈ 4–5 Gyr ago (log t=9.6–9.7) peak-
ing around 4 Gyr ago at a level about 2.5 times
as high as during the subsequent couple of Gyr.
A second epoch of star formation is seen to
occur from 200 Myr–300 Myr ago (log t=8.3–
8.5), with a rate around 1.5 times higher than
the first peak at 4 Gyr ago. Since then the rate
of star formation is decreasing.
The total area which is covered by
WFCAM observations is almost 15 kpc × 15
kpc, which covers the pseudo bulge, disc and
spiral arms of the M 33 galaxy. The SFH across
the disc of M 33 is shown in Fig. 4. Here again
we see two epochs of enhanced star formation.
The old epoch of star formation is seen at ≈
3–6 Gyr ago (log t=9.5–9.8) peaking around
5 Gyr ago (log t=9.7) with a level almost 2
times as high as during the subsequent few Gyr.
Barker et al. 2011 have shown that the outer
disc of M 33 had a major epoch of star forma-
tion ∼ 2–4 Gyr ago, or at z ∼ 0.2–0.4. The peak
Fig. 4. The star formation history across the
disc of M 33, before the correction on pulsa-
tion duration was applied (solid line) and af-
ter the correction on pulsation duration was ap-
plied (dashed line).
at 4 Gyr ago resembles the peak that they have
reported by using CMD fitting to the two fields
in the outer disc of M 33 observed with the
Hubble Space Telescope Advanced Camera.
The recent epoch of enhanced star formation
is occurring ≈ 200–300 Myr ago (log t=8.3–
8.5), reaching a level of almost 4 times larger
than the peak at the first epoch of star forma-
tion. This second peak is very strong compared
with what we saw for the center of M 33.
The star formation history variations versus
distance from the center (r) is shown in Fig. 5.
Each radius bin contains the same number of
variable stars. This figure reveals two impor-
tant results immediately; Firstly, the old epoch
of star formation in M 33 is weakening and
then disappears as we go further out from the
center. The star formation starts and then grad-
ually increases until t= 200 Myr (log t=8.3)
and then decreases. Secondly, the very recent
epoch of star formation is seen in all bins
across the disc with same strength. It clearly
shows the inside–out formation of M 33.
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Fig. 5. The star formation history of M 33
at different radius bins. The star formation
rates are normalized to the total stellar mass
per square kiloparsec in each radius bins.The
colour bar values are in logarithmic scale.
4. Mass Loss Rates in the Central
Square Kiloparsec of M 33
We derive the mass–loss rates of the red gi-
ant variables in two steps; First we model the
spectral energy distribution (SED) of near– IR
variables for which we have Spritzer Space
Telescope mid–IR data (Fig. 6) and then we
use these results to construct a relation between
the dust optical depth and bolometric correc-
tions on the one hand, and near–IR colours on
the other. Then we apply those relations to the
red giant variables for which no mid-IR coun-
terpart was identified, to derive their mass-loss
rates too (Fig. 7). The total mass return from
UKIRT variables is almost ∼ 0.0055 M⊙ yr−1
and carbon grains make up < 23 % of the
present–day dust–mass return so the interstel-
lar dust is predominantly oxygen–rich. The full
2–D map of mass return is shown in Fig. 8.
The estimated ISM depletion timescale by
Kang et al. (2012) is 0.3 Gyr. The mass re-
turn from evolved stars would not change the
timescale by more than 17 %. If we account for
the mass return from supernovae, hot massive–
star winds, luminous blue variable eruptions,
et cetera, the mas return rate increases from
∼0.004-0.005 M⊙ yr−1 kpc−2 to ∼ 0.006 M⊙
yr−1 kpc−2. Therefore, the above conclusion
does not change. For sustaining star formation
with the current rate gas must flow into the
Fig. 6. Near– and mid–IR photometry of exam-
ples of carbon stars in the centre of M 33, af-
fected by various levels of mass loss. The solid
lines are the best matching SEDs modelled
with dusty. The dotted lines are best matching
fits using silicates, for comparison.
central regions of M 33, either through a vis-
cous disc or via cooling flows from the circum–
galactic medium.
In paper III we calculated the ratio of the
mass lost during the pulsation phase to the birth
mass and we realized that the pulsation dura-
tion is over–estimated by theoretical models. If
the pulsation duration was over-estimated, then
the star formation rate would have been under-
estimated. Comparison of recent star formation
rate derived from our method with the values
derived by other methods shows that star for-
mation rate should be corrected by the factor
of 10 in the central regions and 7 for the disc.
In Fig. 3 and Fig. 4 the correction factor of 10
for the center and 7 for the disc is applied to
the star formation rates.
5. Conclusions
The photometric catalogues of Javadi et al.
(2011) and Javadi et al. (2015) were used to re-
construct the star formation history across the
galactic disc of M 33. The numbers and lumi-
nosities of the pulsating AGB stars and red su-
pergiants were converted to star formation rate
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Fig. 8. Left: Spitzer composite image of IRAC bands 1, 2 and 4 at respectively 3.6 µm (blue), 4.5 µm
(green) and 8 µm (red); Right: map of mass-return-rate surface density over the central region of M 33.
Fig. 7. Mass–loss rate vs. luminosity. Massive,
luminous M–type stars are depicted by blue
triangles; AGB carbon stars by red squares;
and low–mass M–type stars by green triangles.
Large yellow symbols identify the stars mod-
elled with dusty; other UKIRT variable stars
are identified by black squares. The most ex-
treme mass losing stars are labelled.
as a function of look-back time, using Padova
stellar evolution models (Marigo et al. 2008).
The pulsating red giant and supergiant stars
were used to map the dust production in the
central square kiloparsec of M 33.
We are currently working on WFCAM data
to estimate the mass loss rates of evolved stars
across the galactic disc of M 33 and to estab-
lish a link between the dust return and the for-
mation of stars within the prominent spiral arm
pattern.
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